Using ab initio calculations we study the stability of Si-based cages and nanotubes stabilized by encapsulated transition metal atoms ͑TMAs͒. It is demonstrated that the stabilization of these cages and nanotubes as well as their magnetic properties are strongly guided by a delicate interplay between the attainable symmetry of the system and the d-band filling of the encapsulated TMA. As a result, encapsulated TMAs of the early 3-d series lead to tubular stuctures of C 6 symmetry and anti-ferromagnetic alignment between the magnetic moment of the TMA and that of the Si atoms. On the other hand, the encapsulated late 3-d elements lead to tubules of the C 5 symmetry and to a ferromagnetic alignment of the metal and Si magnetic moments. Encapsulated Fe atoms ͑being near the middle of the 3-d series͒ lead to tubular structures of either C 6 or C 5 symmetry.
The interaction of transition metal atoms ͑TMAs͒ with low-dimensional forms of carbon and silicon systems can lead to the formation of exotic new materials of immense technological interest. In particular, the versatility of these materials makes tailoring of their electronic properties relatively easy and, consequently, could find potential use in technologically important optoelectronic materials. Much research efforts have been devoted to the synthesis of Si-based nanotubes and quantum wires, the latter made of a variety of materials and grown using single wall carbon nanotubes ͑SWCN͒ as templates ͑either using the external surface of the SWCN or filling in its interior region with metal atoms͒. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Recent experimental and theoretical findings have demonstrated that the encapsulation of TMAs by Si-atoms leads to stable Si-cages, the structure of which depends on many factors. 10, 11 Kumar and Kawazoe have reported results for metal encapsulated Si-cage-clusters using ab initio pseudopotential plane wave calculations using density functional theory ͑DFT͒ in the generalized gradient approximation ͑GGA͒ for the exchange-correlation energy. 5 Depending upon the size of the metal atom, they find that silicon forms fullerene-like M@Si 16 , MϭHf, Zr, and cubic M@Si 14 , M ϭFe, Ru, Os cage clusters ͑CC͒. Additionally, they reported stable clusters of type Si n M (nϭ14-17, MϭCr, Mo, W͒ in the cubic, fullerene-like, decahedral and Frank-Kasperpolyhedron type of geometry. 6 On the other hand, Andriotis et al. 10, 11 have pointed out that the most significant factor which determines the ground state properties of the TMA-encapsulating Si-clusters is the d-band filling factor of the TMA rather than its size when the TMA is taken from the 3-d series. They have also demonstrated that the d-band filling is mainly responsible for the symmetry of the ground state of these clusters. However, a minor contribution to the ground state properties may be attributed, among other factors, to the number of encapsulated TMAs, the number of encapsulating Si atoms and the temperature.
Another interesting feature of TMA-encapsulated Siclusters was reported recently by Andriotis et al. 10, 11 In particular, they showed that Si-based nanotubes can be stabilized by the encapsulation of a linear chain of TMAs. Sibased nanotubes ͑NTs͒ have previously been investigated as a possible precursor to Si nanowires. The basic idea is to find a small stable Si-cluster which could be used as a building block in constructing Si nanowires. 4, 8, 9, 12 In particular, Landman et al. 9 proposed using a fullerene type Si 24 cluster ͑ini-tially used by Marsen et al. 13 ͒ as the building block. Li et al., 8 on the other hand, recently proposed using the uncapped trigonal Si 6 prism and the tricapped Si 9 trigonal prism as possible building blocks and showed that the thus built Si-nanowires exhibit energy gaps that get vanishingly small as the length of the wire increases. In order to improve the stability of their proposed Si-nanowire, Landman et al. included a core of Al atoms in the form of a linear chain within the Si 24 building block and showed that the conductivity of the Al-encapsulating Si-nanowire depends on the length and the doping. The contrasting behavior of Ni and V in their interaction with Si was reminiscent of the similar contrasting behavior found in the bonding of Ni and V with carbon surfaces of low dimension. 14 -16 In the case of carbon it was found that the TMAs of the early 3d-series act as 2 or 3 ligands, while the elements of the late 3d-series act as 6 ligands. Such behavior was attributed to the filling factor of the 3d-band of each transition metal, the point group symmetry of the bonding site and some other factors of more or less minor importance.
In this article, we present a detailed justification for the trends observed in the formation of TMA encapsulated Sicages. We found this to be a necessary next step in our investigations in order to identify the basic physics that elucidates the role of the d-band filling in explaining the differences in the behavior between early-3d and the late-3d elements when encapsulated by Si-based NTs. We, thus, focus on the reasoning why the d-band filling of the TMA plays such a crucial role in the properties of the metal encapsulated Si-based NT to such an extent. For this reason we examine in detail the effect of the d-band filling in the bonding configuration of the TMA-encapsulated Si-cages and investigate its consequences on the obtainable ground state symmetry. Furthermore, in order to provide additional support to our conclusions we include results for Feencapsulating Si-CC in the C 5 or C 6 symmetry configurations. This is because we expect, according to our previous investigations, a gradual variation of the properties of the TMA-encapsulated Si-CC and Si-based NTs as the encapsulated TMA changes from Ti ͑early 3d-series͒ to Ni ͑late 3d-series͒. It is, thus, reasonable to expect that TMAs close to the middle of the 3d-series ͑like Fe͒, when encapsulated, would exhibit both tendencies, i.e., that of the early 3d-elements ͑like the studied case of V 11 ͒ and that of the late 3d-elements ͑like the case of Ni studied 10 ͒. Our conclusions are derived from a detailed investigation of the inter-relation between the type of the TMA and the resulting point group symmetry of Si-cages and Si-based nanotubes stabilized by the encapsulation of TMAs. Our study is based on ab initio density functional theory ͑DFT͒ calculations at the level of the B3LYP approximation ͑Becke's three parameter method using the Lee, Yang, and Parr functional for the electron correlations͒. The Los Alamos LANL2DZ basis functions together with Effective Core Potential that include relativistic corrections to heavy elements were used and all calculations were performed without any symmetry constraint using the GAUSSIAN code. 17 It should be noted that for most third row elements the relativistic corrections are relatively more important and basis sets that include relativistic corrections give a more accurate description.
Taking into account the fact that Si-based nanotubes can be stabilized either in the C 5 or the C 6 symmetry, and that the bonding behavior of the 3d-TMAs with Si ͑and/or C͒ changes as one moves from the left to the right of the 3d-series in the Periodic Table, we investigated the factors that affect the bonding behavior of Si-nanotubes stabilized by the encapsulation of a chain of either V, Fe, or Ni, either in C 5 or the C 6 symmetry. These simulations, thus, provide us an opportunity to follow the dependence of TMA's bonding behavior with Si on the type of the stabilizing TMA and allow a detailed investigation of the effect of the filling factor of the d-band on the stabilization symmetry of the Si-cage or the Si-nanotube. For this purpose, some representative members of the following cluster-classes were investigated:
Fe n Si 5(nϩ1)ϩk , Fe n Si 6(nϩ1)ϩk , and Ni n Si 5(nϩ1)ϩk , nϭ1, 2, 3 and kϭ0, 2. The cluster-classes with kϭ0 correspond to Si-nanotubes which are open at both ends while those with kϭ2 correspond to Si-nanotubes capped with Si atoms at both ends.
Our results are summarized in Table I and include such cluster features as the spin state, the highest occupied molecular orbital ͑HOMO͒-lowest unoccupied molecular orbital ͑LUMO͒ gap, the character of the HOMO and LUMO states and the charge state of the metal atoms. We performed a series of total energy calculations of the clusters in different spin states and chose the lowest energy configuration. All calculations were spin-unrestricted calculations, i.e., LSB3LYP calculations. For completeness, results for the infinite Si-based nanotubes are also included. 10, 11 For the Si 10 Fe cluster we find a spin multiplicity of 5, the HOMO-LUMO gap HLg is more than 1 eV and the BE/atomϭ Ϫ2.82 eV. In a recently reported work, Lu and Nagase It should also be noted that as the number of Si atoms increases, the energy differences between the states of various spin multiplicity decrease. This necessitates a detailed search of the configuration space in order to locate the true ground state of these clusters as was shown in the case of the Si 14 Fe cluster for which a new ground state energetically more favorable ͑by 1.6 eV͒ than previously reported 6 was found in the present work. From Table I , we observe the following trends:
͑1͒ In almost all systems studied, the ground state appears to be of low spin multiplicity when compared to that of the free state of the encapsulated TMAs; it also exhibits quite large HOMO-LUMO gap, an indication of its stability. ͑2͒ In all clusters, the TMAs gain a significant number of electrons from the surrounding Si-atoms. This is in contrast to the results we obtained 11 for small MSi n clusters, nр3 and MϭV, Fe, Ni and indicates strong dependence of the charge transfer on the coordination number of the TMAs. ͑3͒ The character of the HOMO and LUMO orbitals depends strongly on the type of the TMA. It is worth noting that in going from left to right of the 3d-series of the transition metals, the character of the HOMO and LUMO orbitals changes from metal-d like to Si-sp like. ͑4͒ The systems with nϭ1 and kϭ0 ͑i.e., those Si-cages which include only one TMA͒ can be used as building blocks for the construction of stable Si-based nanotubes. 10, 11 These nanotubes become conducting as their length increases.
Our findings for the HOMO and LUMO orbital character are in agreement with our previous reports obtained for long Si-tubes stabilized by a chain of V or Ni atoms. 10, 11 As mentioned earlier, in those cases it was found that (E F ) is dominated by the d-orbitals of V ͑in the V-stabilized tube͒, while it is dominated by Si sp-orbitals in the Ni-stabilized tube.
Some additional information can be obtained from the electron-DOS for the clusters studied. In particular, we have noted that the contribution of the d-orbitals appears in groups ͑bands͒; these bands are found at the edges of the HOMO-LUMO gap in the VSi 12 cluster ͑see Fig. 1͒ . The same grouping appears in the case of the NiSi 10 cluster but the d-bands in this case are situated much lower than the HOMO level and much higher than the LUMO levels ͑see Fig. 2͒ . In the case of FeSi 10 we also observe d-band formation significantly below the HOMO level. Quite surprisingly, in the FeSi 12 case the d-orbitals are not found to form well defined d-bands; instead they are spread in a large energy range mostly below the HOMO level, and to a lesser extent, above the LUMO level. As the number of the encapsulated Fe atoms increases, the Fe-contribution to the HOMO and LUMO orbitals becomes more appreciable. One observation of major importance is the existence of a correlation between the symmetry of the system and the appearance of d-character in the HOMO orbitals. In fact, it is observed that the d-character of the HOMO level appears only in the systems of C 6 symmetry. In the systems exhibiting the C 5 symmetry, the character of the HOMO level is dominated by the ligand ͑Si͒ orbitals. Table I , there is no contribution from the d orbitals to the HOMO orbital. The energy difference between the singlet and the triplet states is found to be 0.06 eV. e Another geometry of distorted C 5 symmetry was found more stable by 0.09 eV than the symmetric state.
In Table II we give the calculated values of the magnetic moment of the encapsulated TMA in some representative members of the systems described in Table I . Some additional information can be also obtained by examining these values in relation to their corresponding spin-multiplicity. In all systems it was found that the major contribution to the spin multiplicity comes from the TMA while the Si atoms contribute to a lesser extent. However, quite surprisingly, we observed that the Si-contribution is more pronounced in the systems exhibiting the C 5 symmetry. In these systems we find a ferromagnetic spin arrangement of the magnetic moments of the Si atoms with respect to that of the TMA. On the other hand, it was found that in systems with the C 6 symmetry the magnetic moments of the Si-atoms are arranged anti-ferromagnetically with respect to the magnetic moment of the TMA and the Si-contribution is much smaller as compared to that of the C 5 systems. It is worth noting that the values found for the magnetic moments of the encapsulated Ni and V atoms are in very good agreement with the values found ͑vanishingly small per Ni atom and 0.65 B per V atom͒ using our tight-binding molecular-dynamics ͑TBMD͒ simulations for Si-based nanotubes stabilized by the encapsulation of a linear chain consisting either of Ni or V. 10, 11 Furthermore, the present results support our previous findings that the interaction of TMAs with Si leads to a significant reduction of the magnetic moment of the TMA when compared to the magnetic moment of the free TMA.
In order to get a better understanding of the contrasting bonding behavior observed in the clusters investigated, one can recall the similarity between the systems studied in the present work and those of the ferrocene (C 5 symmetry͒ and the dibenzenechromium (C 6 symmetry͒ that have been extensively discussed in the literature. 19 It should be noted, however, that the systems included in Table I differ substantially from ferrocene and dibenzenechromium. That is, the systems in Table I exhibit strong Si-Si interactions between Si atoms belonging to different Si-rings. Even then, comparing the two cases, it becomes apparent that the ͑re͒hybridized carbon-ring and metal orbitals change their sequence order as the symmetry changes. 20 Thus, as a result of the symmetry, the HOMO level may exhibit different symmetry while the filling factor of the TMA-d-band will specify the magnetic character and the bonding features between the TMA and the surrounding Si-atoms. These are very well demonstrated in the case of the V-encapsulation where we can see that both symmetries lead to structures with open outer electron shell configuration. However, in the C 5 symmetry, the partially occupied MO is the e 2g ͑of d xy and d x 2 Ϫy 2 character leading to ␦ bonds͒, while in the C 6 symmetry the partially occupied MO appears to be of e 1u Ј ͑which has p y character leading to bonds-see Fig. 2͒ . 21 As a result, the C 6 symmetry appears preferable. It is worth noting that in this system, the rehybridization process leads to a partial occupation of the V p-orbitals (sd→p promotion͒.
In the absence of strong electron correlations one could use arguments of closed outer electron-shell configurations to justify why Ni shows preference for the C 5 symmetry and why Fe-stabilized Si-cages can form structures in both C 5 and C 6 symmetries. However, in the systems studied it appears that electron correlations play dominant role leading to higher than the singlet spin multiplicities. The symmetry in this case, in addition to specifying the symmetry of the HOMO orbital plays the key role of specifying the energy shift of the spin-up electrons relative to those of spin-down. In Fig. 1 , the HOMO level appears to exhibit the e 2u symmetry and does not have any contribution from the Ni atom.
In conclusion, we have demonstrated that the symmetry and the magnetic moment of the ground state structure of the Si-based cages and nanotubes encapsulating TMAs depend strongly on the filling factor of the d-band of the TMA. This, in turn, affects the re-hybridization level of the Si and TMA orbitals leading to large charge transfers towards the TMAs. This reorganization has as a result the reduction of the magnetic moment of the TMAs as compared to their free-state value.
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